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Polyion complex nanoparticles based on 1,3,6,8-
pyrenetetrasulfonic acid tetrasodium salt (PSA) and stimuli-
responsive PEGylated nanogels composed of PEG tethered 10 
chains and a cross-linked poly[2-(N,N-diethylamino)ethyl 
methacrylate] gel core containing gold nanoparticles showed a 
remarkable regulation of the fluorescence signal synchronizing 
with the multi-stimuli-triggered release of the PSA in response to 
pH, temperature and light. 15 
Polyion complex (PIC) nanoparticles have attracted much 
attention in the field of biological and biomedical applications, 
because they are readily embedded with charged hydrophilic 
molecules such as protein,1,2 DNA,3,4 probe molecules,5,6 and 
drugs7,8 through electrostatic interactions.  Recent interest has 20 
surrounded a report on the development of stimuli-responsive 
PIC nanoparticles that can be triggered to release the charged 
hydrophilic molecules in response to stimuli, such as pH,9,10 
redox compounds inside the cell,11-13 ions,14,15 electric fields,16 
temperature,17,18 enzymes,19,20 light,21,22 and so on.  Nevertheless, 25 
most of the stimuli-responsive PIC nanoparticles mentioned 
above are able to release the charged hydrophilic molecules only 
in response to single stimuli.  Accordingly, the development of 
multi-stimuli-responsive (“smart”) PIC nanoparticles is of great 
significance in both fundamental and applied scientific research.  30 
Worth noticing in this regard is that we have recently reported 
smart PEGylated nanogels constructed from a cross-linked core 
of poly[2-(N,N-diethylamino)ethyl methacrylate] (PEAMA) gel 
and tethered PEG chains that possess a carboxylic acid or an 
acetal group as a platform for the installation of ligand 35 
molecules.23,24  The PEGylated nanogels showed extremely high 
dispersion stability as well as reversible volume-phase transition 
(swelling-deswelling) in response to multi-stimuli such as pH,23,24 
temperature,23 and ionic strength23 due to the protonation-
deprotonation of the cross-linked PEAMA core surrounded by the 40 
tethered PEG chains.  Indeed, the PEGylated nanogels can be 
utilized as pH-triggered release carriers for drug delivery 
systems25 as well as pH-responsive nano-probes for 19F MRI,26,27 
and, importantly, the PEGylated nanogels form PIC nanoparticles 
with negatively charged siRNA.28 Worth noticing is that the 45 
cross-linked PEAMA core of the PEGylated nanogels was found 
to act as a nano-reactor and nano-matrix to produce and 
immobilize the gold nanoparticles (GNPs) through the reduction 
of chloroaurate ions without any additional reducing agents.29,30  
GNPs are known to absorb light at their unique and sensitive 50 
surface plasmon band (SPB) and generate heat efficiently through 
the photothermal effect within the vicinity of the GNP.31-33   
Herein, we describe our study of the polyion complexation 
between highly water-soluble pyrene as a negatively charged 
fluorescent probe and PEGylated nanogels containing GNPs 55 
(PEGylated GNGs) in aqueous media.  A unique finding, which 
we would like to communicate here, is the pH-, thermo-, and 
photothermally-triggered release of 1,3,6,8-pyrenetetrasulfonic 
acid tetrasodium salt (PSA) from PEGylated GNGs, which 
allowed the regulation of the fluorescence signal from the PSA. 60 
In particular, the combination of PEGylated GNGs and light as an 
external stimulus may represent a promising strategy for the 
spatially and temporally controlled release of the probe molecules 
(Fig. 1). 
PEGylated nanogel was synthesized by the emulsion 65 
copolymerization of 2-(N,N-diethylamino)ethyl methacrylate 
(EAMA) and heterobifunctional PEG bearing an acetal group at 
the -end and a 4-vinylbenzyl group at the -end (acetal-PEG-
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Figure 1. Schematic illustration of a PIC nanoparticle prepared from PSA and PEGylated GNG and the photothermally-triggered release 
of PSA from the PEGylated GNG. 
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Ph-CH=CH2: Mn = 7,200, Mw/Mn = 1.03), and 1.0 mol% of 
ethylene glycol dimethacrylate (cross-linker) in the presence of 
potassium persulfate (initiator).  The diameter of the PEGylated 
nanogel increased with decreasing temperature from 50 (diameter 
= 93 nm) to 15C (diameter = 187 nm) at pH 6 (see Fig. S1 in 5 
ESI). The thermo-induced size variation of the PEGylated 
nanogel at pH 6 was due to the increase in the ion osmotic 
pressure as well as the solvation of the PEAMA gel core caused 
by the change in the degree of protonation () of the tertiary 
amino groups at pH 6 in response to the temperature (15C:  = 10 
0.6, 25C:  = 0.5, 50C:  = 0.1, see Fig. S2 in ESI).  
In accordance with our previous report,30 the preparation of 
PEGylated GNGs was carried out at N/Au=2 (molar ratio of the 
amino groups in the PEGylated nanogel to HAuCl4) by the 
reduction of tetrachloroaurate acid (HAuCl4 (III)) with 15 
PEGylated nanogel at pH 6.0 without any additional reducing 
agents. In this reaction, the tertiary amino groups in the PEAMA 
gel core act as reducing agents (nano-reactor) as well as 
stabilizers of the GNPs through the coordination between the 
gold surface and the amino groups (nano-matrix).  After the 20 
reduction of HAuCl4, an increase in the absorbance at around 520 
nm (i.e., SPB) was also observed (Fig. 2a), and the color of the 
PEGylated nanogel solution changed to red (Fig. 2a). The 
transmission electron microscopy (TEM) image of the PEGylated 
GNGs shows that GNP clusters were observed, where the TEM 25 
shows not only GNPs (high contrast) but also the PEAMA gel 
core of the nanogel (lower contrast; <100 nm), as can be seen in 
Fig. 2b.  These facts strongly suggest that the formation of GNPs 
in the PEAMA gel core occurred. The average number of GNPs 
in a single PEAMA gel core and the average diameter of the 30 
GNPs were about 15.8  6.8 and 7.7  2.7 nm, respectively.  
Fig. 3 shows the temperature increments (T) for PEGylated 
GNG (81 g/mL, [Au] = 24 g/mL) aqueous solution under 
irradiation with a 600mW Ar ion (Ar+) laser ( = 514.5 nm) at a 
fluence of 39 W/cm2 for 10 min (23.4 kJ /cm2).  Note, that the 35 
solution temperature gradually increased with the increase in the 
laser irradiation time, and, consequently, the solution temperature 
changed from 25C to 32.3C (T = 8.1C).  In sharp contrast, 
the PEGylated nanogel aqueous solution (57 g/mL, [Au] = 0 
g/mL) showed a negligible increment of the solution 40 
temperature even under laser-irradiation (T < 1.0C).  These 
facts strongly indicate that the increment of the solution 
temperature under laser irradiation was due to the efficient 
generation of heat from the GNPs in the PEGylated GNGs  
(photothermal effect).  45 
To form PIC nanoparticles from PEGylated GNG and 
negatively charged PSA, various amounts of PEGylated GNG 
solution were added to a PSA solution, and all the mixtures were 
adjusted to pH 3.5 and a PSA concentration of 10 M.  At this 
pH, the amino groups of the PEGylated GNG were completely 50 
protonated, as determined from its /pH curve (see Fig. S3 in 
ESI).  Fig. 4 shows the relative fluorescence intensity of the PSA 
in the presence of various amounts of PEGylated GNGs as a 
function of theN/SO3
- ratio (amino groups in the PEGylated 
GNG/sulfonate groups in PSA).  Note, that the free PSA (at 55 
N/SO3
- = 0) showed fluorescence with maxima at 386 and 406 
nm. In sharp contrast, the relative fluorescence intensity of PSA 
in the presence of the PEGylated GNG decreased significantly 
with an increase in the N/SO3
- ratio and reached a plateau value 
of around 7 % at N/SO3
- ratios higher than 5 (i.e., off-state).  60 
These facts indicate that the change in fluorescence intensity was 
due to the aggregation of the PSA in the PEAMA gel core (self-
quenching effect) caused by the formation of a PIC between the 
PSA and the PEAMA gel core; viz., the complete encapsulation 
of the PSA (polyion complexation) was attained in the N/SO3
- 65 
range of  > 5.  Worth noticing is that the fluorescence intensity of 
the PSA in the presence of PEGylated GNGs at N/SO3
- = 5 
almost recovered, when the pH of the solution was changed from 
3.5 to 9.5 to cause the deprotonation of the PEAMA gel core (pH 
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Figure 2. a) UV-vis spectrum, and b) TEM image of the 
PEGylated GNG prepared at pH 6. 
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Figure 3. Temperature increments (T) of the PEGylated GNG 
solution (circle) and PEGylated nanogel solution (square) as a 
function of the irradiation time with a 600mW Ar+ laser at a 
fluence of 39 W/cm2 ( = 514.5 nm, 23.4 kJ/cm2). 
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Figure 4. Relative fluorescence intensity of the PSA in the 
presence of the PEGylated GNG at pH 3.5 for various N/SO3
- 
ratios. 
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3.5:  = 1.0 and pH 9.5:  = 0), suggesting the pH-triggered 
release of the PSA from the PEGylated GNG (pH 3.5: off-state 
and pH 9.5: on-state) (see Fig. S4 in ESI).   
The release of the PSA from the PSA-loaded PEGylated GNGs 
prepared at N/SO3
- = 6 was carried out in 10 mM phosphate 5 
buffer (PB) at pH 8.0 as a function of temperature, and the release 
profile is shown in Fig.5.  As the temperature increased from 
20C (off-state), the fluorescence intensity increased gradually, 
and, eventually, approximately 40 % of the PSA was released 
from the PSA-loaded PEGylated GNGs at 46C (on-state). This is 10 
due to the volume-phase transition of the PEAMA gel core in 
response to the temperature; viz., the thermo-triggered release of 
the PSA occurred due to the disappearance of the positive charges 
through the deprotonation of the PEAMA gel core.  Unfortunately, 
the release profile of the PSA almost reached a plateau, viz., 15 
approximately 60% of the PSA still remained in the PEGylated 
GNGs even at 46C. Further studies on the effect of the 
incubation time and higher temperature are probably required to 
achieve the complete release of the PSA from the PEGylated 
GNG. 20 
 The release of the PSA from PSA-loaded PEGylated GNGs 
prepared at N/SO3
-=6 was carried out in 10 mM PB containing 
0.15 M NaCl at pH 7.4 under irradiation with a 600mW Ar+ 
laser ( = 514.5 nm) at a fluence of 39 W/cm2 as a function of 
the incubation time. Fig. 6 shows the release profile as well as 25 
the fluorescence spectra of the PSA. The fluorescence 
intensity of the PSA hardly increased for 2 min of incubation 
without laser irradiation (off-state). In sharp contrast, a 4–fold 
increase in the fluorescence intensity of the PSA was observed 
under laser irradiation with increasing incubation time (on-30 
state).  Note, that the release profile of the PSA from the PSA-
loaded PEGylated GNG was obviously synchronized with the 
laser-irradiation time, and, consequently, 26 % of the PSA 
was released from the PSA-loaded PEGylated GNG after 8 
min of laser irradiation. Additionally, the release of the PSA 35 
and the increase in the fluorescence intensity of the PSA were 
hardly observed for the PSA-loaded PEGylated nanogel 
(without GNP) even after 8 min of laser irradiation.  These 
facts strongly suggest that the release of the PSA from the 
PSA-loaded PEGylated GNGs under laser was due to the 40 
deprotonation of the PEAMA gel core through the increase in 
the temperature of the solution and of the interior of the 
PEAMA gel core caused by the efficient generation of heat  
from the GNPs (photothermal effect). Thus, the 
photothermally-triggered release of the charged dye from 45 
PICs composed of PSA and stimuli-responsive PEGylated 
GNG was performed to achieve the regulation of the 
fluorescence signals. 
 In conclusion, the PIC nanoparticles based on smart 
PEGylated nanogels containing GNPs and PSA showed the 50 
multi-stimuli-triggered release of the PSA in response to pH, 
temperature, and light, thereby performing the on-off 
regulation of the fluorescence signal.  These findings open the 
way toward the design of fluorescence sensors as well as 
controlled drug delivery carriers by the polyion complexation 55 
of smart PEGylated nanogels containing GNPs with charged 
functional molecules. 
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Figure 5. Release profile of the PSA from the PSA-loaded 
PEGylated GNG at pH 8 as a function of temperature. The 
fluorescence spectra were measured after allowing the PSA-
loaded PEGylated GNG solution to stand in the cell at a given 
temperature. 
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Figure 6. a) Release profile of the PSA from the PSA-loaded 
PEGylated GNG (circle) and PSA-loaded PEGylated nanogel 
(square) at pH 7.4 as a function of the incubation time. Irradiation 
with a 600mW Ar+ laser ( = 514.5 nm) at a fluence of 39 W/cm2 
was initiated at 2 min (arrow). b) Fluorescence spectra of the PSA 
for various incubation times (2, 3, 5, and 10 min) in the presence 
of PSA-loaded PEGylated GNGs. 
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